A method is described for the inclusion of the effects of hydration in empirical conformational energy computations on polypeptides. The free energy of hydration is composed of additive contributions of various functional groups. The hydration of each group is assumed to be proportional to the accessible surface area of the group. The constants of proportionality, representing the free energy of hydration per unit area of accessible surface, have been evaluated for seven classes of groups (occurring in peptides) by least-squares fitting to experimental free energies of solution of small monofunctional aliphatic and aromatic molecules. The same method has also been applied to the modeling of the enthalpy and heat capacity ofhydration, each of which is computed from the accessible surface area.
the accessible surface area.
The free energy of folding of a protein consists of the sum of contributions from the energy of its intramolecular interactions (1, 2) and from the free energy of interaction of the molecule with the surrounding solvent water. Exact computation of the latter contribution still poses problems (3) . As a practical approach, hydration-shell models have been used. In these models, the free energy of interaction of water molecules with the solute is expressed in the form of an averaged effective potential of interaction of atoms (and functional groups) of a solute molecule with a layer of solvent around each atom (4-10)-i.e., in terms ofa potential ofmean force (3) . An empirical free energy of hydration is assigned to every atom and group. When the conformation of the protein changes, some water is eliminated from the hydration shell whenever groups on the protein approach each other. The free energy change accompanying this process depends on the total free energy of hydration of the groups and on the amount of water being eliminated from the hydration shells. This amount, in turn, depends on the size and distance of separation of the groups that approach each other, and it can be computed by geometrical methods from the volumes of overlapping spheres (4-6, 10, 11) .
The hydration-shell model contains several approximations, which may be sources of error and also reduce the speed of computer-based numerical computations (8) , such as the thickness of the shell, the apportioning of the free energy between overlapping hydration shells of covalently connected atoms, and the calculation of the volume of overlap of three or more hydration spheres that belong to nearby atoms. The latter problem can be overcome, however, by modifying the computing procedures (10, 11) .
We have initiated an alternative approach, in order to avoid these problems. We assume that the extent of interaction of any functional group i of a solute with the solvent is proportional to the solvent-accessible surface area Ai of group i (12) (13) (14) because the group can interact directly only with the water molecules that are in contact with the group at this surface. Thus, the total free energy of hydration of a solute molecule is given by Eq. 1: AGh = E Ai [1] where the summation extends over all groups of the solute, and Ai is the conformation-dependent accessible surface area of group i. The constant of proportionality gi represents the contribution to the free energy of hydration of group i per unit accessible area. It was obtained by applying Eq. 1 to a series of model compounds for which AGh can be obtained experimentally from the measured free energies of solution and for which Ai can be assumed to be constant because the model compound is sufficiently small so that it undergoes little conformational change in solution. In this case, Ai is set equal to Axmax, the maximum accessible surface area of group i. If a peptide or protein molecule undergoes conformational changes, Ai for various groups will change as a result of the approach of other atoms in the molecule and, hence, AGh will be altered.
A similar approach to the evaluation of the solvation energy of proteins has been taken by Eisenberg and McLachlan (15) . They used an expression of the form of Eq. 1 to compute the free energy of transfer of amino acid side chains from the interior of a protein to an aqueous environment. Their model and the one presented here refer to different physical processes; therefore, they are applicable in different contexts. The free energy parameters used by Eisenberg and McLachlan have been derived from distribution coefficients of amino acids between octanol (or ethanol) and water. Thus, they correspond to the total free energy of transfer of side chains from the interior of the protein to aqueous solution. On the other hand, the present model is designed to supplement the ECEPP (Empirical Conformational Energy Program for Peptides) algorithm (1, 2) that computes the intramolecular energy of the folded protein molecule. The free energy of hydration, to be added to the ECEPP energy, must correspond only to the additional interactions of the atoms of the solute with water. Consequently, it must be derived from observed free energies of transfer from gas to aqueous solution. Additional differences are (i) that a variety of simple molecules were used here to fit the gi coefflcients that were then applied to amino acids, whereas Eisenberg and McLachlan parameterized their coefficients on observed data for amino acids; (ii) that they assumed that there are no significant changes in the conformation of amino acids during the transfer process, whereas possible shifts of the distribution among various conformations were taken into account in the present work for amino acids (though not for the simple model compounds); and (iii) that enthalpies and heat capacities of hydration were also computed here.
A computation based on Eq. 1 is valid if the free energy of hydration is proportional to the accessible surface area. The validity of this assumption has been established for hydro-*To whom reprint requests should be addressed.
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carbons (16) (17) (18) (19) (20) and for nonpolar amino acid side chains (13, 21) . The linear correlation of the free energy of solvation with the accessible surface area has been used to estimate solubilities of hydrocarbons and monofunctional aliphatic compounds in water (16, 22) . The additivity of group contributions has been tested on computations of the heat capacity of nonelectrolytes in aqueous solution (19, (22) (23) (24) . METHOD Accessible surface areas were computed for seven classes of atoms or groups, listed in Table 1 -namely, (i) aliphatic -CH3, -CH2-, and \ CH-groups (considered as one class, in order to avoid an increase in the number of parameters), (it) aromatic =CH-groups, (iii) hydroxyl -OH groups, (iv) amide and amine -NH-and -NH2 groups, (v) carboxyl and carbonyl/C= carbons, (Vi) carboxyl and carbonyl 0= oxygens, and (vii) sulfur S-atoms and thiol -SH groups. Hydrogen atoms cannot be treated as a separate class in the calculations of accessible surface areas because of their small size; hence, they were included with the corresponding groups-i.e., groups containing hydrogen atoms were treated as "united atoms" (4, 25) . This assumption has been justified and used in numerous studies (4-6, 16-18, 21, 22, 25) . Its application to "polar" hydrogens (attached to N and 0 atoms) introduced here is a first approximation. The van der Waals radii, Ri, used in the computation are listed in Table 1 . The parameters for classes 4, 5, and 6 are used for the atoms of the peptide group (-CO-NH-).
The accessible surface area Ai was computed by the method of Shrake and Rupley (26) . The spherical surface around each united atom was represented by 1888 test points distributed approximately regularly on a sphere with radius Ri + R,, where Rw is the effective radius of the solvent molecule used in computing the accessible surface area (12, 26) . The value of Rw was determined by initially considering it as an adjustable parameter, instead of equating it to the van der Waals radius of a water molecule. The purpose of this step was to assure that the total free energy of each group, AG?, is expressed as being proportional to Ai with no added constant term-i.e., that Bi = 0 for each group i in a linear equation for AG?: AG? = Bi + g#Ai. [2] If it is required that "buried" atoms should not contribute to the free energy of hydration, in agreement with the basic assumption of the model, it is necessary that Bi = 0. The radius RW was varied between 1.0 and 1.8 A, and the applicability of Eq. 2 was tested for all compounds used in the fitting (see below). The best least-squares fit of free energies, enthalpies, and heat capacities was obtained for 1.3 ' R, ' 1.4 A by using Eq. 5 below. Therefore, R, was set equal to 1.4 A for all of the computations. Actually, this value agrees with the usual choice of the van der Waals radius for water in computations of the accessible surface area (12, 13) .
It was assumed that not only the free energies of hydration but also the enthalpies and heat capacities of hydration can be expressed as group contributions for each molecule and that the group contributions are proportional to the accessible surface area-i.e., that it is possible to write analogs of Eq. 1 for the enthalpy and constant-pressure heat capacity:
AthI' = E hi Cph = I CA.
[3]
[4]
The coefficients gi, hi, and ci at T = 298 K for classes [1] [2] [3] [4] [5] [6] were determined by applying Eqs. 1, 3, and 4, respectively, to each of the 22 small model compounds in Table 2 and adjusting the values of the coefficients by means of a least-squares procedure applied simultaneously to groups in all classes i = 1-6 (excluding class 7, as described below).
The coefficients gi, hi, and ci for any class are independent of each other. The optimized values ofthe coefficients are listed in Table 1 .
The experimental data of Tables 2 and 3 were taken from the compilation of published thermodynamic data of solution for small solutes by Cabani et al. (24) , supplemented by some data by Wolfenden et al. (27) . All compounds listed in. Table  2 were used in the fitting procedure with the exception of those marked by an asterisk. The latter compounds-namely, methane, methanol, and methylamine-are all small. They were not used in the fitting procedure because their observed thermodynamic parameters do not follow the linear trends established by the higher homologs. In particular, they cannot be fitted with Bi = 0 in Eq. 2. Deviations from regular trends are seen in many physical properties of these first members of homologous series (16, 28) . These deviations may be due to the breaking down of the assumptions of additivity ofgroup contributions and of the proportionality of thermodynamic quantities to the accessible surface area with a fixed value of Rw for very small molecules (28) .
Only free energies of hydration were available for the three thiols included in Table 1 . Therefore, only g could be determined for -SH groups. The thiols were used only to determine gi for class 7, as described in the second footnote to Table 2 . tBased on the interatomic contact distances used in the revised version of the ECEPP algorithm (1, 2) and, for united atoms, on its modification in the UNICEPP (25) algorithm. The radii used here correspond to the interatomic distance when the nonbonded energy is zero. Therefore, they are smaller by a factor of 21/6 than the values in refs. 1 and 25. The radii are assumed to be temperature-independent (20).
Chemistry: Ooi et al. tThese compounds were used only to determine g for class 7. They were not included in the determination of the coefficients for classes 1 and 2. The coefficients for classes 1 and 2 were obtained from the other compounds, but they were taken over as the values determined for the other compounds and used as constants when the data for the three thiols were fitted in order to determine the coefficient g for class 7 only.
RESULTS
The computed thermodynamic parameters of hydration for the compounds used in deriving the coefficients are listed in columns 3, 5, and 7 of Table 2 for comparison with the experimental parameters (columns 2, 4, and 6).
The root-mean-square deviation of the computed and observed thermodynamic parameters was calculated by means of Eq. 5: As a test, the thermodynamic parameters of hydration were computed for 21 compounds that had not been used in the determination ofthe coefficients ofTable 1. The observed and computed parameters are listed in Table 3 . The rootmean-square deviations of AGh, Ah, and ACp,h are 8.35 kJ/mol (for m = 19), 7 .78 kJ/mol (for m = 16), and 85.9 J/mol-K (for m = 13), respectively. The free energy and enthalpy at T = 298 K have been computed for the N-acetyl-N'-methylamides of all 20 naturally occurring amino acids (Table 4 ). The energy of each compound in the absence of hydration is given by Eq. 6 Et = -RT ln (e-EjI/RT), [6] where the summation is carried out over all j low-energy conformations of each amino acid derivative as computed by
Vasquez et al. (29) , § and AEj is the computed intramolecular conformational energy (29) . In the presence of hydration, [51 where D = AGh, AHh, or ACph, and m is the number of compounds used in the testing. The data for compounds marked with an asterisk and dagger in Table 2 were not used in Eq. 5; thus, m = 22. For the heat capacity, m = 21. The value of this deviation is 1.34 LJ/mol, 1.75 kJ/mol, and 24.1 J/mol-K for AGh, Ah, and Apsh, respectively. These values are satisfactory, especially for the enthalpy and heat capacity, in view of the assumptions of simple proportionality to area and additivity of group contributions. Generally, the largest individual deviations occur for the aromatic compounds and for the lowest members of homologous series. Gt = -RT ln (Ee-&Gj/RT), [7] where AGj = AEj + AGhj. [8] In Eq. 7 the summation is carried out over the same set of conformations as in Eq. 6 (i.e., without minimizing the free energy of the hydrated conformations). Thus, AEj is the same as that used in Eq. 6, and AGhj is computed for each §For serine, revised values were used (K. D. Gibson, S. Chin, G.N., E. Clementi, and H.A.S., unpublished data).
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Chemistry: Ooi et al. tComputed from Eq. 10. t1 kcal/mol = 4.1868 kJ/mol. §Not computed because no value is available for the parameter h for sulfur atoms. conformationj from Eq. 1. The total free energy of hydration is AG~h= Gt -Et. [9] The contributions of each side chain to the thermodynamic parameters of hydration (Table 4) are obtained by subtracting the value of glycine from that of the other residue Xaa (30): AGh = AGh (Xaa) -AGjh(Gly). [10] Corresponding expressions apply to the enthalpy. The values of AG' give an indication of the hydrophobicity or hydrophilicity of each residue.
The computed (4, @f) The contribution of hydration to the difference in free energy between the native and one extended conformation has been computed for three proteins of different sizes ( Table   5 ). The intramolecular energy Ein has been obtained by using ECEPP (2) , and the free energy of hydration, by the present method. The increase in intramolecular energy upon unfolding is partially compensated by the more favorable free energy of hydration in the extended conformation. Nevertheless, the total difference in free energy AGt,0t is positive- and the side chain fixed in its lowest energy conformation for the given backbone conformation in every residue (29) , except that 4 = 750 was used for all prolines. For Val-116 of ribonuclease A, (4, qi) = (-154°, 1400) was used.
i.e., the native conformation is more stable than a single extended conformation. The values of AGtot are roughly proportional to the chain length, with a contribution of around 3 kcal/mol per residue. It must be emphasized that the AGtot computed here describes the free energy change on going from the native to a single extended conformation. Therefore, it does not correspond to the overall free energy of unfolding of a protein. The latter contains large entropic contributions arising from the presence of an ensemble of conformations in the statistically coiled unfolded state and from the increased flexibility in each of these conformations. Therefore, the overall free energy of unfolding is considerably more favorable than the AGtot listed in Table 5 . The coefficients in Table 1 have been computed for To = 298 K. Utilizing them, it is possible to compute the thermodynamic parameters at any other temperature by using Eqs.
11-13:
AG(W) = (T/To) AGU(TO) + AHJ(TO) (1- T/TO) -ACp,h[Tln(T/TO) + To-T], [11] 4HU(T) = AH(T) + ACp,h(T -TO), [12] AS'(T) = [Ah(T) -AGh(T)]/T. [13] 
CONCLUSIONS
The derivation of the coefficients of the thermodynamic functions from a variety of model compounds has shown that the use of accessible surface areas, together with the assumption of additivity of contributions from various functional groups, is a good approximation for the estimation of the free energy, enthalpy, and heat capacity of hydration. The parameters derived here will be useful in conformational energy studies of peptides.
